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a  b  s  t  r  a  c  t
Hyaluronic  acid  polymers  cross-linked  with  BDDE  are  today  among  the  most  used hydrogels  for  biomedi-
cal  applications.  The  physical  properties  of  the hydrogels  depend,  among  other  parameters,  on  the  degree
of  cross-linking  of  HA.  Another  parameter  likely  to affect  the  physical  properties  is the  substitution  posi-
tion  of the  linker  on  the  HA functional  groups.  A NMR-based  method  for the  determination  of  these
parameters  in hyaluronic  acid hydrogels  is  presented.  The  method  is based  on  the  degradation  of  HAeywords:
yaluronic acid
ydrogels
MR  spectroscopy
ross-linking ratio
cross  linked  hydrogels  by  chondroitinase  ABC  followed  by  one-dimensional 1H  and 13C  NMR  analysis.  The
necessary  structural  information  to obtain  both  the  degree  of cross-linking  and  the  substitution  positions
can  be  obtained  from  the  same  NMR  sample  and  no  chromatographic  separation  step  is required  prior
to  NMR  analysis.
©  2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
ubstitution position
. Introduction
The use of cross-linked polysaccharide hydrogels for biomed-
cal and biotechnological purposes has increased substantially in
he last decades (Kogan, Sˇoltés, Stern & Gemeiner, 2007; Viola
t al., 2015). One of the most commonly used polysaccharides is
yaluronic acid (HA, also known as hyaluronan). HA is a natural
inear polysaccharide with a repeating disaccharide unit consisting
f d-glucuronic acid (GlcA) and N-acetyl-d-glucosamine (GlcNAc)
inked by alternating 1 → 4 and 1 → 3 -glycosidic bonds (Fig. 1)
Laurent & Fraser, 1992).Please cite this article in press as: Wende, F. J., et al. 1D NMR  methods fo
positions in HA hydrogels. Carbohydrate Polymers (2016), http://dx.do
HA is naturally occurring in all vertebrates and in some bacte-
ia. The primary structure is preserved through all species but the
olecular weight (MW)  of the polymer varies between different
Abbreviations: HA, hyaluronic acid/hyaluronan; MoD, degree of modiﬁca-
ion; CrR, effective crosslinker ratio; BDDE, 1,4-butanediol diglycidyl ether; BDPE,
,4-butanediol di-(propan-2,3-diolyl)etherch; ABC, chondroitinase ABC; GlcNAc, N-
cetyl-d-glucoseamine; GlcA, d-glucuronic acid with C4-C5 unsaturation; NOE,
uclear overhauser effect; SEC, size exclusion chromatography; TDA, triple detector
rray.
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sources. Because of its high water holding capacity and viscoelas-
ticity as well as its biocompatibility and biodegradability HA is
used in a wide range of medical, pharmaceutical and biotechnolog-
ical applications (Xu et al., 2012). Natural HA has a rapid turnover
in vivo and therefore modiﬁcations such as cross-linking are uti-
lized to obtain biomaterials with longer duration (Laurent, 1987;
Segura et al., 2005). Some examples of methods for chemical cross-
linking of HA are amidation, Ugi condensation, ether formation,
ester formation etc (Schanté, Zuber, Herlin & Vandamme, 2011).
The most common cross-linking method uses ether formation by
reaction with 1,4-butanediol diglycidyl ether (BDDE) (Ågerup, Berg
& Åkermark, 2005). HA hydrogels obtained by cross-linking using
BDDE have proven to be biocompatible and non-toxic (De  Boulle
et al., 2013; Lan, Jou, Wu,  Wu,  Chen, 2015). Under alkaline con-
ditions, epoxides of BDDE react with the HA hydroxyl groups to
form derivatives of 1,4-dibutanediol di-(propan-2,3-diolyl) ether
(BDPE). Some of the BDPEs form true cross-links that bind to HA
at both ends while others only bind at one end (mono-linked).
There are many products based on BDDE cross-linked HA and
even though they have the same starting material the physical
properties of the resulting hydrogels vary considerably (Edsman,
Nord, Öhrlund, Lärkner & Kenne, 2012). The variation of physicalr determination of degree of cross-linking and BDDE substitution
i.org/10.1016/j.carbpol.2016.11.029
properties among the hydrogels may  be attributed to variations
in structural parameters such as i) MW and polydispersity of the
HA starting material ii) the degree of cross-linking iii) the sub-
stitution position of the BDDE cross-linker on HA. The degree of
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Repeating unit of hyaluronic acid polysaccharide (left) and unsaturated
ross-linking (CrD) is deﬁned as the stoichiometric ratio of cross-
inked cross-linker molecules to the moles of HA repeating units
Kenne et al., 2013). CrD can be calculated from the experimen-
ally obtained parameters degree of modiﬁcation (MoD) and effective
ross-linker ratio (CrR). MoD  is deﬁned as the stoichiometric ratio of
ll linked cross-linker molecules to the moles of HA repeating units
both cross- and mono-linked linkers are included in MoD), and
rR is deﬁned as the ratio of moles of cross-linked linkers (forming
ross-linkages in the polysaccharide network) to the total moles
f linkers. CrD is then calculated as: CrD = CrR × MoD  (Kenne et al.,
013). The CrD of a HA hydrogel is reﬂected in its physicochemical
roperties such as swelling and viscoelasticity. Hence, the prop-
rties of a gel depend on the ability to control CrR and MoD, and
ethods that accurately determine these parameters are therefore
mportant. Excessively cross-linked HA hydrogels greatly modify
he chemical and physical properties and it has been suggested that
his potentially could affect the biocompatibility of the HA hydrogel
Tezel & Fredrickson, 2008).
Several different methods have been proposed to assess MoD
nd/or CrD in HA hydrogels using techniques such as size exclu-
ion chromatography (SEC)-MS/TDA, LC-UV and IR (Barbucci et al.,
006; Kablik, Monheit, Yu, Chang & Gershkovich, 2009; Guarise,
avan, Pirrone & Renier, 2012; Kenne et al., 2013). Kenne et al.
eveloped methods to determine MoD  using 1D 1H NMR, and
rR using SEC/LC–MS of enzymatically degraded HA gels. Chro-
atographic separations of degraded hydrogels followed by MS
nalysis can be time consuming. The response factors in the detec-
ion methods must also be considered and it is often assumed that
ll fragments independent of size give the same detector response.
owever, limited availability of standard oligomers for calibration
mplies that no suitable method exists for the determination of
omponent ratios using UV, MS  or LC techniques. In contrast, NMR
pectroscopy is particularly useful because simple experiments
uch as single pulse experiments give reliable signal area integrals
hat are directly related to compounds ratios. When signals are
verlapping in the 1H NMR  spectra, quantitative 13C NMR  which
as signiﬁcantly higher signal dispersion can be used (Xia, Akim,
 Argyropoulos, 2001; Caytan, Remaud, Tenailleau, & Akoka 2007;
hang et al., 2015). The use of 13C NMR  spectroscopy as a quantita-
ive tool requires the elimination of the nuclear Overhauser effect
y inverse-gated decoupling sequence and sufﬁciently long recycle
elays (Freeman, Hill, & Kaptein, 1972). Performing NMR  analysis
n intact HA hydrogels of high molecular weight is however difﬁ-
ult or even not feasible due to the high viscosity which leads to
oor sensitivity and severe line broadening of resonances resulting
n inaccurate area of signals from integration.
Degradation of HA by the lyase chondroitinase ABC (chABC)
rom Proteus vulgaris will cleave 1,4-linkages between GlcNAc
nd GlcA producing disaccharides with unsaturated uronic acids
t the non-reducing end (Fig. 1) (Yamagata, Saito, Habuchi, &
uzuki, 1968). Cross-linked HA is however not completely degraded
o disaccharides by chABC. In the ﬁnal digest larger fragmentsPlease cite this article in press as: Wende, F. J., et al. 1D NMR  methods fo
positions in HA hydrogels. Carbohydrate Polymers (2016), http://dx.do
ith linkers attached to them are found besides the unsaturated
isaccharide which is the main end product. For HA cross-
inked with BDDE mono-linked end-products (HA2-B (2-B) and
HA4-B (4-B)), cross-linked end products (HA2-B-HA2 (2-B-saccharide obtained after incubation with chondroitinase ABC (chABC) (right).
2), HA4-B-HA2 (4-B-2) and HA4-B-HA4 (4-B-4)) and also
mono-cross-linked fragments such as HA4-B-HA4-B (4-B-4-B)
have been observed after complete degradation (schematic repre-
sentation in Fig. 2, the fragments being named according to the
nomenclature used in Kenne et al., 2013). Using NMR  and LC–MS
analysis, we  have recently shown that among mono-linked frag-
ments, di- and tetrasaccharides (2-B and 4-B) are end products of
complete enzymatic degradation by chABC (Wende et al., 2016).
Detailed structural analysis of the isolated mono-linked frag-
ments 2-B, 4-B and 6-B demonstrated that BDPE substitution can
occur at any of the four hydroxyl groups of the HA disaccharide
repeating unit; C2, C3 of GlcA and C4, C6 of GlcNAc. Substitution
occurred only on the terminal reducing and non-reducing end sug-
ars and BDPE was not found to be linked on the internal sugars. The
linker distribution over substitution positions was however found
to be dependent on the size of the fragment. Substitution at posi-
tion C4 of GlcNAc was not observed for 2-B but was dominant in
larger fragments revealing that chABC is hindered from cleaving on
the non-reducing end of a tetrasaccharide unit having BDDE sub-
stitution at C4 of GlcNAc at the reducing end. The overall favored
substitution position in the investigated hydrogel was C4 of GlcNAc
(73%) followed by C6 of GlcNAc (14%) and C2 of GlcA (10%). 1H and
13C NMR  signals that could be used as chemical shift reporters of
the position of substitution of BDDE on the sugars of HA were iden-
tiﬁed and used to determine the amount of substitution at different
positions (Wende et al., 2016).
In the current work, we present a novel and simple method for
direct determination of degree of cross-linking by one-dimensional
13C NMR. Minimum sample preparation is needed and no chro-
matographic separation is required. Using the same sample, the
relative distribution of the cross-linker over the four substitution
positions on HA can also be obtained from the 1D 1H NMR  spectra.
2. Experimental
2.1. Materials
Six laboratory made HA hydrogels cross-linked with BDDE were
prepared. The gels (denoted hydrogel 1–6) had a HA concentra-
tion of 20 mg/ml  and varying MoD  and CrR. Chondroitinase ABC
(chABC) from Proteus vulgaris (art. no. C2905) was  obtained from
Sigma Aldrich. D2O (99.96% D) was  purchased from Cambridge Iso-
tope Laboratories, Inc. Water was de-ionized and further puriﬁed
by a Milli-Q system (Millipore).
2.2. Sample preparation
Prior to enzymatic degradation 2–3 ml  hydrogel was washed
with 3 × 20 ml  of aqueous NaCl (9 mg/ml) followed by 3 × 20 ml
water. The liquid phase was  removed in each washing step by ﬁl-
tration under vacuum using 0.22 m SteritopTM ﬁlter (Millipore,
Darmstadt, Germany). The washed hydrogels were transferredr determination of degree of cross-linking and BDDE substitution
i.org/10.1016/j.carbpol.2016.11.029
to test tubes and gently mixed with 10 ml  of 1 mM phosphate
buffer (pH 7) and 300 l chABC solution (4 units/ml). The samples
were then incubated for 24 h at 37 ◦C. The degraded samples were
lyophilized, dissolved in 0.6 ml  D2O and transferred into 5 mm  NMR
ARTICLE IN PRESSG ModelCARP-11741; No. of Pages 6
F.J. Wende et al. / Carbohydrate Polymers xxx (2016) xxx–xxx 3
ydrog
t
h
2
N
p
d
(
f
o
A
r
Q
g
l
d
(
w
a
d
a
T
t
r
N
(
t
T
4Fig. 2. Schematic representation of the degradation of a BDDE cross-linked HA h
ubes. Triplicate samples (A-C) were prepared for each of the six
ydrogels.
.3. NMR  spectroscopy
The NMR  spectra were recorded on a Bruker Avance III 600 MHz
MR  spectrometer equipped with a 5 mm1H/13C/15N/31P cryo
robehead with a z-gradient (Bruker BioSpin GmBH, Germany). The
ata was acquired and processed using the TopSpin 3.1 software
Bruker). The pulse sequences zg30, noesygppr1d and ledbpgp2s1d
rom the Bruker pulse sequence library were used for 1H NMR. To
btain quantitative 1H spectra a recycle delay (d1) of 30 s was used.
 line broadening factor of 0.3 Hz was applied and base line cor-
ection was performed prior to integration of the 1H NMR  signals.
uantitative 1D 13C NMR  spectra were obtained with the inverse-
ated decoupled experiment zgig30 from the Bruker pulse sequence
ibrary using a recycle delay of 15 s and between 512 and 8192 scans
epending on the hydrogel sample. A spectral width of 36058 Hz
239 ppm) and an acquisition time of 1 s were used. Integration
as carried out after applying a line-broadening factor of 1 Hz and
utomatic base line correction using the command c13cryo. Linear
econvolution was performed using the Bruker software. The start
nd end points for integration were kept constant for all spectra.
he spin-lattice relaxations (T1) for 13C were determined by using
he pseudo 2D experiment t1irpg.  The experiment uses inversion
ecovery to measure T1 and power gated decoupling to receive both
OE enhancement and decoupling. Nine different recovery delaysPlease cite this article in press as: Wende, F. J., et al. 1D NMR  methods fo
positions in HA hydrogels. Carbohydrate Polymers (2016), http://dx.do
30, 15, 8, 4, 2, 1, 0.5, 0.1 and 0.05s) were used in the experiment,
he number of scans was  1024 and the recycle delay (D1) 15 s. COSY,
OCSY, NOESY, HSQC, HSQC-TOCSY and HMBC were recorded with
 K data points in t2 and 256 to 512 increments in t1, using a min-el by chABC. The exempliﬁed fragments are denoted 2-B, 2-B-2, 4-B-2 and 4-B.
imum of 16 scans per increment and a relaxation delay of 1.2 to
1.5 s. TOCSY spectra were recorded with mixing times of 120 ms  and
NOESY experiments were run with mixing times (m) of 500 ms.
2.4. Fractionation by LC–MS analysis
After completion of NMR  analyses for MoD  and CrR, the sam-
ple originating from the degradation of hydrogel 5 (∼600 l) was
subjected to dialysis using a mini dialysis kit (1 kDa cut-off, GE
Healthcare) in order to remove most of HA2, which is formed
as the major end-product of chABC degradation. After the dialy-
sis, a second dose of 300 l chABC solution (4 units/ml) was added
and the mixture incubated for 24 h at 37 ◦C. No further dialysis was
required before performing a micro-scale preparative puriﬁcation
of selected HA fragments using SEC.
SEC/ESI–MS in the negative ion mode was performed using a
Superdex Peptide 10/300 GL column from GE Healthcare (Uppsala,
Sweden) on an Agilent HP 1100 LC system coupled to an Amazon
speed ETD ion trap mass spectrometer (Bruker Daltonik, GmbH).
The mobile phase consisted of a 12 mM ammonium acetate buffer
at pH 9.0 (adjusted with NH4OH). The run was  performed in an
isocratic mode with a 400 l/min ﬂow and a run time of 42 min.
The ﬂow was  split with a post-column splitter at a ratio of about
9:1. 10% of the sample entered the MS,  here used as an ion monitor
in real time to facilitate the collection of the appropriate HA frag-
ment peaks as they eluted from the other splitter outlet. The ionr determination of degree of cross-linking and BDDE substitution
i.org/10.1016/j.carbpol.2016.11.029
trap was operated in a full scan mode from m/z 200–2000 with the
following source parameters: spray capillary voltage 4000 V; end
plate offset −500 V; nebulizer pressure 8 psi; dry gas 4.0 l/min; Dry
temperature 350 ◦C. Around 500–700 l fractions were collected
ARTICLE IN PRESSG ModelCARP-11741; No. of Pages 6
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Fig. 3. 1H NMR  spectrum of BDDE cross-linked HA (hydrogel 2B) after incubation
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Table 1
Degree of modiﬁcation (MoD) and effective crosslinking ratio (CrR) for the six inves-
tigated hydrogels.
Hydrogel MoD  (%) CrR CrD (%)
1H 13C 13C 13C
1 8.7 ± 0.2 7.8 ± 0.3 0.2 ± 0.02 1.4 ± 0.1
2 7.4 ± 0.0 6.8 ± 0.3 0.2 ± 0.05 1.3 ± 0.3
3 5.5 ± 0.1 5.1 ± 0.4 0.2 ± 0.03 0.9 ± 0.2
4  3.4 ± 0.2 2.6 ± 0.1 0.3 ± 0.07 0.6 ± 0.5
5  5.0 ± 0.0 5.0 ± 0.5 0.5 ± 0.03 2.3 ± 0.5
6 32.0 ± 0.2 31.4 ± 0.3 0.2 ± 0.02 4.9 ± 0.5ith chABC. The N-acetyl signal (CH3) from HA and BDPE signals (H5′ , H6′) used
or  determination of MoD  are shown with their integral values. For this hydrogel, a
oD  of 7.4% was  calculated.
ollowing each injection volume of 50 l. The collected fractions
ere lyophilized and subjected to NMR  analysis.
. Results and discussion
The HA hydrogels were washed with aqueous NaCl to remove
ree unreacted HA and BDDE prior to incubation with chABC. Com-
lete degradation of the hydrogels is not necessary to determine the
oD  and CrR values from the NMR  spectra but better resolution and
igher sensitivity are obtained. For correct analysis of linker distri-
ution over the substitution positions, it is however important that
he degradation is complete. Triplicate samples of six HA hydro-
els with different degrees of modiﬁcation and cross-linking were
egraded and analyzed by NMR. The 1H and 13C resonances of the
ompounds resulting from the degradation were assigned from 2D
OCSY, HSQC and HSQC-TOCSY spectra and using assignments from
revious studies (Blundell et al., 2006). Signals from the unsubsti-
uted disaccharide, HA2, dominated the 1H NMR  spectra (Fig. 3).
esides these major signals, signals from mono- and cross-linked
A oligosaccharides were also present.
.1. MoD  and CrR determined from 1D NMR  spectra of the
egraded gel
As previously shown by Kenne et al. MoD  is easily determined
rom a 1H NMR  spectrum by integrating one signal from BDPE, orig-
nating from the BDDE cross-linker, at ı 1.7 ppm and the signal from
he N-acetyl group in HA at ı 2.1 ppm (Fig. 3). The ratio between
he integrals for these two signals gives the MoD  after correction
or the number of protons responsible for each signal (Eq. (1)). The
oD  obtained for the six investigated hydrogels (hydrogel 1–6) are
eported in Table 1 and are between 3 and 30%.
oD(%) = (IH1.7/4)/(IH2.1/3)·100 (1)
While the MoD  can be determined from 1D 1H NMR, the CrRPlease cite this article in press as: Wende, F. J., et al. 1D NMR  methods fo
positions in HA hydrogels. Carbohydrate Polymers (2016), http://dx.do
as obtained from 1D 13C NMR  spectra. Quantitative 1D 13C NMR
pectra were obtained from inverse-gated decoupled NMR  spectra
Freeman, Hill, & Kaptein, 1972). The spin-lattice relaxation time
or the carbons of interest was determined to be < 2 s and thereforeValues are presented as means from three samples with their respective standard
deviations. MS analysis according to Kenne et al. gave CrR 0.1 for hydrogels 1–3 and
6,  0.2 for hydrogel 4 and 0.5 for hydrogel 5.
a recycle delay of 15 s was  used. The area of the signals used for CrR
determination was obtained by performing a deconvolution of the
experimental Lorentzian. The CH2OH carbon farthest away from
HA on mono-linked BDPE (C10′, Figs. 3 and 4) has a carbon shift
(62.7 ppm) which is well separated from other signals. When BDPE
binds covalently to HA this signal is shifted downﬁeld to ca 70 ppm.
While the signal at 70 ppm overlap with other signals and cannot
be easily integrated, the signal at 62.7 ppm can be integrated in the
1D 13C NMR  spectra. The C5′ and C6′ at 25.2 ppm have the same
chemical shift for both cross- and mono-linked fragments. Thus,
integration of the CH2 signals at 25.2 ppm and the CH2OH  signal at
62.7 ppm gives the fraction of mono-linked BDPE and CrR can be
calculated (Eq. (2)). Since two  carbons (C5′ and C6′) contribute to
the signal at 25.2 ppm compared to one carbon (C10′) at 62.7 ppm,
a 2:1 ratio between the two  signals would indicate that all BDPE
molecules are mono-linked while a 2:0 ratio indicate that all BDPE
molecules are cross-linked.
CrR = 1−IC62.7/(IC25.2/2) (2)
The MoD  can also be calculated from the 13C NMR  spectra by
integrating the signal from BDPE at 25.2 ppm and the signals from
the N-acetyl group of GlcNAc in HA at 21.9-22.6 ppm (Eq. (3), Fig. 4).
The three signals observed between 21.9 and 22.6 ppm originate
from the unsaturated disaccharide HA2 (strongest signal) and
from larger and BDPE substituted oligosaccharides. The degree of
modiﬁcation is obtained from the ratio between the integrals for
these two signals (cross-linker/HA NAc) after correction for the
number of carbons responsible for each signal.
MoD(%) = (IC25.2/2)/IC21.9−22.6 ·100 (3)
The MoD  and CrR obtained from integration in the 13C NMR
spectra are listed in Table 1 for the hydrogels 1 − 6. The MoD
are very similar to the values obtained from the 1H NMR  spectra.
While there is no advantage of determining the MoD  from 13C NMR
instead of 1H NMR, the excellent agreement between the two meth-
ods indicates that the procedure can be used with conﬁdence for
CrR calculation. The cross-linking ratio was  also evaluated by the
SEC/LC–MS method (Kenne et al., 2013) and Table 1 shows that
similar results are obtained using the two  different techniques.
For all samples, with the exception of hydrogel 4, NMR spectra
with sufﬁcient signal-to-noise (S/N) ratios could be obtained with
512 scans giving an experimental time of two hours. For hydrogel 4,
a larger number of scans was  necessary due to the low MoD  value.
3.2. Substitution position of BDDE in cross-linked fragments
We  have recently identiﬁed chemical shift reporters of positionr determination of degree of cross-linking and BDDE substitution
i.org/10.1016/j.carbpol.2016.11.029
of attachment of BDDE on the sugars of mono-linked oligosac-
charide fragments (Wende et al., 2016). To be able to determine
the overall distribution of BDDE in HA from 1H NMR  spectra of
degraded gels, it is necessary to also determine the position of sub-
ARTICLE IN PRESSG ModelCARP-11741; No. of Pages 6
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Fig. 4. 1D 13C NMR spectrum of BDDE cross-linked HA hydrogel 2 after incubation
with chABC. Original spectrum (bottom) and deconvoluted spectrum (top). The sig-
nals from BDDE used to determine the effective cross-linker ratio (CrR) are: 1 (C10′
on mono-linked BDPE) and 2 (C5′ and C6′ of both mono- and cross-linked BDPE).
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Fig. 5. (top) Portion of the 1H NMR  spectra of 2-B, 4-B-2, 4-B and 4-B-4 showing the
H4  signals of GlcA as well as the region for the anomeric signals; (bottom) Portion
1 13 ′ ′ignals 2 and 3 (CH3 of N-Acetyl glucosamine) can be used for determination of
egree of modiﬁcation (MoD). For this hydrogel the integration results in a MoD  of
%  and a CrR of 0.2.
titution in true cross-linked oligosaccharide fragments. For this,
 highly cross-linked HA hydrogel (CrR 0.5 and MoD 5%, hydro-
el 5, Table 1) was degraded by chABC. Dialysis with 1 kDa cut-off
evices permitted the removal of most of HA2 which, due to
ts very high content, otherwise overlapped with the other peaks
n the chromatogram rendering the isolation of pure fragments
ifﬁcult. Smaller mono- and cross-linked fragments such as 2-B
nd 2-B-2 were also almost completely removed by dialysis. The
EC/LC–MS extracted ion chromatogram of the mixture of com-
ounds obtained after dialysis showed that most of the larger HA
ragments could be detected as their doubly charged ions (see Sup-
lementary material). Two fractions corresponding to 4-B-4 and
-B-2 were collected using LC–MS (Supplementary material) and
urther analyzed by NMR.
The 1H NMR  spectra of 4-B-4 was nearly identical to that of 4-
 (Fig. 5) and analysis of the data showed that BDDE substitution
ccurs almost exclusively at C4 of GlcNAc at the two reducing ends.
s expected, the H10′/C10′ cross-peaks at 3.58–3.66/62.7 ppm
resent in the HSQC spectrum of 4-B had vanished in 4-B-4 (Fig. 5).
ubstitution at GlcNAc-OH6 was not observed for 4-B-4 as it was  in
-B. NMR  analysis of 4-B-2 revealed substitution at all four hydroxyl
roups. The disaccharide part of 4-B-2 show substitution at GlcA-
H2, GlcNAc-OH6 and GlcA-OH3 which is similar to what was
bserved for 2-B. The tetrasaccharide part of 4-B-2 shows predom-
nant substitution at GlcNAc-OH4 as observed in 4-B (Fig. 5).
.3. Substitution position of BDDE in hydrogels
Having established the position of substitution of BDDE in
ono- and cross-linked HA oligosaccharides and identiﬁed chem-
cal shift reporters that can be used to determine the amount of
ubstitution at each position, the distribution of the cross-linkerPlease cite this article in press as: Wende, F. J., et al. 1D NMR  methods fo
positions in HA hydrogels. Carbohydrate Polymers (2016), http://dx.do
an be estimated from 1H NMR  spectra of the degraded gel. Indeed,
omparison of the NMR  spectra of the degraded gel with the 1H
MR  spectra of the 2-B, 4-B, 2-B4 and 4-B-4 fragments shows that
he signals allowing quantiﬁcation of substitution positions areof the H- C HSQC spectra of 4-B (left) and 4-B-4 (right). In 4-B, the H10 /C10
cross-peaks at 3.58 − 3.66/62:7 pm characteristics of mono-linked fragments is
indicated.
separated from the resonances of the unsubstituted disaccharide
(Fig. 6) (Wende et al., 2016). These NMR  signals can therefore be
integrated to yield the amount of substitution at C2, C3 of GlcA
and C4, C6 of GlcNAc (Fig. 6). For GlcA, these signals are H1 for
substitution at C2 and H4 for substitution at C3. For GlcNAc, these
signals are H1 of GlcNAc() for C4 substitution and H1 of GlcNAc()
for C4 and C6 substitution.
The relative amount of substitution for the six hydrogels inves-
tigated is presented in Fig. 7. The distribution is similar for all six
hydrogels with the most common substitution position at GlcNAc-
OH4 (>40%) followed by GlcA-OH2 (∼30%) GlcNAc-OH6 (∼15%)
and GlcA-OH3 (∼5%).
Some other small peaks that are sometimes observed in the 1D
1H spectra (Fig. 6) belong to (E)-3-dehydroxy-2-en-d-GlcNAc, peel-
ing product arising from the hydrolysis of the linkage between GlcA
and GlcNAc at the reducing end in HA and previously described by
Blundell & Almond, 2006. The N-acetyl signal in this compound also
1 13r determination of degree of cross-linking and BDDE substitution
i.org/10.1016/j.carbpol.2016.11.029
has a slightly higher chemical shift. All H and C signals as well
as the JHH coupling constants could be determined for the major
-anomer while some resonances could not be assigned unambigu-
ously for the minor -anomer (SI). Other small signals observed in
ARTICLE ING ModelCARP-11741; No. of Pages 6
6 F.J. Wende et al. / Carbohydrate Po
Fig. 6. 1D 1H NMR  spectrum of BDDE cross-linked HA (hydrogel 2) after incubation
with chABC. 1: H1 and H3 signals ( and -forms) of the peeling product reported
by  Blundell & Almond, 2006; 2: H4 of HAx substituted by BDPE at C3 of GlcA; 3:
H1 of HAx substituted by BDPE at C2 of GlcA; 4: H1() of HAx substituted by
BDPE at C6 of GlcNAc1 and 5: H1() of HAx substituted by BDPE at C4 of GlcNAc1.
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for accurate quantiﬁcation of polysorbate 80 copolymer composition.
Analytical Chemistry,  87,  9810–9816.
Ågerup, B., Berg, P., & Åkermark, C. (2005). Non-animal stabilized hyaluronic
acid—A new formulation for the treatment of osteoarthritis. BioDrugs, 19(1),
23–30.ig. 7. Substitution pattern for the six investigated hydrogels. The bars show mean
alues and the error bars indicate the calculated standard deviations.
he 1H NMR  spectra arise from oligosaccharides with GlcA at the
educing end occurring from the non-enzymatic hydrolysis of the
inkage between GlcA and GlcNAc.
. Conclusion
The method proposed here, degradation of hydrogels by
hondroitinase ABC, followed by 1D 1H and 13C NMR  analysis,
imultaneously provides four types of structural information on
ross-linked HA hydrogel that other techniques cannot. The degree
f modiﬁcation, the degree of cross-linking, the position of linker,
s well as amount of linker at each position on the hydroxyl groups
f HA, can be obtained without prior chromatographic separation
teps.
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